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2.	 As	differences	 in	detritivore	body	 size	are	a	major	determinant	of	 interspecific	
interactions,	they	should	be	key	for	predicting	effects	of	detritivore	diversity	on	
decomposition.	To	explore	this	question,	we	manipulated	detritivore	diversity	and	
body	 size	 simultaneously	 in	 a	 microcosm	 experiment	 using	 two	 small	 (Leuctra 
geniculata and Lepidostoma hirtum)	and	two	large	detritivore	species	(Sericostoma 



























that	 changes	 in	 species	 richness	 can	 alter	 key	 ecosystem	 process	
rates	(Balvanera	et	al.,	2006;	Cardinale	et	al.,	2006,	2011).	However,	
evidence	is	not	consistent	for	different	ecosystem	processes:	while	
it	 is	 well-	established	 that	 plant	 diversity	 boosts	 primary	 produc-
tion,	the	relationship	between	biodiversity	 loss	and	plant	 litter	de-













composition	 relationship	 are	better	 known	 for	plant	diversity	 (e.g.	
Handa	et	al.,	2014).	This	is	partly	because	plant	diversity	effects	are	
easily	partitioned	into	complementarity	and	selection	effects,	using	





















species	 does	 not	 contribute	 significantly	 to	 decomposition;	 Jiang,	
Pu,	 &	 Nemergut,	 2008).	 Although	 species	 identity	 might	 mediate	
biological	 interactions	responsible	for	biodiversity	effects	(as	com-
monly	evidenced	by	species	assemblage	main	effects),	species	func-
tional	 traits	are	also	of	great	 importance	 in	predicting	biodiversity	
effects	on	ecosystem	functioning	(Hooper	et	al.,	2005).	Within	this	
context,	body	size	 is	a	 relevant	animal	 trait	because	 it	 is	 linked	 to	
and	 help	 understand	 (a)	 multiple	 biological	 traits	 such	 as	 growth,	




way	 to	condense	a	great	array	of	biological	 traits	 into	one	predic-





We	 explored	 how	 detritivore	 diversity	 loss	 affected	 litter	 de-
composition—as	 the	 transformation	 of	 coarse	 leaf	 litter	 (>1	mm)	
into	 finer	 fragments	 (<1	mm)	 due	 to	 shredding	 and	 feeding	 activ-
ity—in	 stream	 microcosms,	 and	 investigated	 the	 potential	 biolog-
ical	mechanisms	 underlying	 such	 effects,	with	 a	 suite	 of	methods	
used	 novelly	 in	 this	 context.	 By	 manipulating	 detritivore	 species	
body	 size,	 and	using	a	 set	of	 statistical	models	 (“diversity–interac-
tions	models”)	 that	explicitly	 take	 into	account	 the	 role	of	 species	
interactions	and	differences	in	body	size,	we	tested	the	hypothesis	
that	diversity	enhances	decomposition	when	species	differ	in	body	
size	because	 litter	processing	by	 larger	detritivores	 facilitates	pro-
cessing	by	smaller	species	through	the	production	of	smaller	 litter	
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quire	measuring	 the	 contribution	of	each	 species	 in	 a	polyculture,	
but	 identifies	 the	 most	 parsimonious	 description	 of	 diversity	 ef-
fects.	Further,	we	examined	the	magnitude	of	diversity	effects	on	




tritivores	occurred	 (Hypothesis	2).	Finally,	we	 investigated	 the	na-
ture	 of	 detritivore	 interactions	 by	 observing	 the	 feeding	 modes	
and	foraging	behaviours	of	large	and	small	species,	and	behavioural	
differences	 between	 monocultures	 and	 polycultures	 that	 might	 
indicate	the	existence	of	facilitation.
2  | MATERIAL S AND METHODS
2.1 | Detritivore species
We	 selected	 four	 common	 detritivore	 species	 in	 our	 study	 area	
(the	Agüera	catchment	in	northern	Spain,	43.25ºN	3.26ºW)	to	rep-





phipod	 Echinogammarus berilloni	 Catta,	 1878	 (Gammaridae)	 (here-
after	Sericostoma and Echinogammarus)	 (Basaguren,	Riaño,	&	Pozo,	
2002;	 Larrañaga,	Basaguren,	&	Pozo,	2014;	Riaño,	1998).	Average	
body	 dry	mass	±	SE	 was	 0.7	±	0.1	mg	 for	 Leuctra,	 2.3	±	0.1	mg	 for	
Lepidostoma,	 7.5	±	0.2	mg	 for	 Sericostoma	 and	 6.1	±	0.1	mg	 for	
Echinogammarus.	 Detritivores	 were	 collected	 in	 June	 2015	 from	
leaf	 litter	 in	 streams.	 They	 were	 transported	 in	 aerated	 contain-
ers	within	a	cooler	and	kept	 in	a	controlled	 temperature	 room	set	
at	10°C,	which	was	lower	than	the	average	temperature	of	streams	
when	detritivores	were	collected	(c.	13°C)	but	similar	to	the	average	
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2	 individuals	 per	 species,	 respectively).	 Each	 treatment	 (including	
controls)	was	replicated	10	times,	resulting	in	120	microcosms.
Plastic	cups	(13	cm	wide,	5	cm	deep)	were	used	as	microcosms,	
each	 containing	 leaf	 litter,	 substrate,	 500	ml	 of	 stream	water	 and	
aeration.	Litter	was	provided	in	the	form	of	40	discs	of	black	alder,	
Alnus glutinosa	[L.]	Gaertn.	(Betulaceae).	Leaves	were	collected	just	
after	 abscission	 from	 the	 forest	 floor	 in	 the	Agüera	 catchment	 in	
November	2014;	discs	were	cut	with	a	12-	mm-	diameter	cork	borer,	








each	 microcosm.	 Microcosms	 were	 aerated	 through	 pipette	 tips	
connected	to	an	air	injection	system.
Litter	 discs	 were	 introduced	 in	 the	 microcosms	 6	days	 before	
the	addition	of	detritivores	to	allow	leaching	of	soluble	compounds	
and	 initial	 microbial	 conditioning.	 A	 previous	 experiment	 (Tonin	
et	al.,	 2017)	 using	 a	 shorter	 conditioning	 period	 (3	days)	was	 able	
to	 detect	 plant	 diversity	 effects	 on	 decomposition	 mediated	 by	
















(60°C,	 72	hr),	 weighed	 to	 determine	 dry	 mass	 (DM),	 incinerated	
(550°C,	4	hr)	and	reweighed	to	determine	ash-	free	dry	mass	(AFDM).	
We	estimated	initial	AFDM	using	10	additional	sets	of	40	litter	discs.
Initial	 detritivore	 body	 mass	 for	 each	 species	 in	 each	 micro-
cosm	was	 estimated	 from	 a	 case	 length	 (CL)–body	mass	 (BM)	 re-
lationship	 for	 Sericostoma	 (BM	=	0.170	×	CL2 – 2.872 ×	CL	+	14.1
54,	 r2	=	0.96,	 n	=	26)	 and	 Lepidostoma	 (BM	=	0.099	×	CL2	–	1.091	
×	CL	+	3.464,	 r2	=	0.84,	 n	=	41),	 and	 from	 a	 body	 length	 (BL)–BM	
relationship	 for	 Leuctra	 (BM	=	–0.026	×	BL2 – 0.515 ×	BL	 –1.502,	
r2	=	0.70,	 n	=	42)	 and	 Echinogammarus	 (BM	=	0.127	×	BL2 – 1.654 





curved)	 for	Echinogammarus.	 At	 the	 end	 of	 the	 experiment,	 detri-
tivores	were	oven-	dried	 (60°C,	72	hr)	 and	weighed	 to	 the	nearest	
0.01	mg	(grouping	individuals	of	each	species	from	each	microcosm)	
to	determine	their	final	body	mass.	Videos	of	detritivores	were	ob-










that	 resulting	 from	 shredding	 and	 feeding	 activity)	 as	 the	 relative	
daily	litter	mass	loss	=	[(LMi – LMf)/LMi]/t,	where	LMi and LMf were 
the	initial	and	final	litter	AFDM	in	a	microcosm,	respectively,	and	t	
was	the	duration	of	the	experiment	in	days.	Initial	AFDM	was	pre-
viously	multiplied	by	 the	average	proportion	of	 remaining	mass	 in	
control	microcosms	 (=	0.716)	 to	correct	 for	 leaching	and	microbial	
losses.	Detritivore	 growth	was	 calculated	 for	 each	 species	 as:	 de-

























ular	 functional	 type).	Model	 6	was	 based	 in	Kirwan	 et	al.’s	 (2009)	






















When	 significant	 effects	 of	 species	 interactions	 or	 functional	
types	 on	 decomposition	 were	 demonstrated,	 we	 quantified	 the	
magnitude	of	such	effects	by	calculating	the	ratio	of	decomposition	





represent	an	increase	in	model	complexity.	Detritivore	species:	Lc,	Leuctra geniculata;	Lp,	Lepidostoma hirtum;	Se,	Sericostoma pyrenaicum;	Eg,	
Echinogammarus berilloni;	2-	species	polyculture	interactions:	Lc-	Lp,	Lc-	Se,	Lc-	Eg,	Lp-	Se,	Lp-	Eg,	Se-	Eg;	diversity–interaction	terms	for	each	
species:	LcINT,	LpINT,	SeINT,	EgINT;	diversity–interaction	terms	for	functional	types:	Small,	large
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(Supporting	 Information	Appendix	S1).	Although	we	used	untrans-
formed	 decomposition	 data	 (because	 assumptions	 of	 parametric	
models	were	met	after	the	use	of	appropriate	variance	structure;	see	
above),	 log-	transformed	 data	 produced	 similar	 results	 (Supporting	
Information	 Table	S2).	 We	 further	 examined	 whether	 detritivore	
growth	 differed	 from	 the	 additive	 expectation	 (Hypothesis	 2),	 by	
subtracting	the	relative	growth	of	a	species	in	a	polyculture	from	the	
relative	growth	of	 the	 same	species	 in	 a	monoculture	 (Supporting	
Information	 Appendix	S1).	 We	 calculated	 ordinary	 nonparamet-
ric	 bootstrapped	 95%	 confidence	 intervals	 (BCa	 method	 using	




the	 response	 of	 the	 polyculture	was	 not	 different	 from	 the	mean	
responses	of	the	monocultures	of	species	present	in	the	polyculture.
3  | RESULTS
Overall	 survival	of	detritivore	 species	was	high	during	 the	experi-
ment	(M	±	SE:	74	±	5%	for	Leuctra,	88	±	2%	for	Lepidostoma,	94	±	2%	
for Sericostoma	 and	 92	±	2%	 for	 Echinogammarus);	 when	 differ-
ent	 treatments	 were	 examined	 separately,	 the	 only	 incidence	 of	
low	 survival	 for	 Leuctra	 was	 in	 combination	with	 Echinogammarus 
(17.5	±	0.1%;	 Supporting	 Information	 Table	S3).	 Decomposition	
rates	 were	 lowest	 in	 the	 Leuctra	 monoculture	 (0.69	±	0.10	mg/
day)	and	highest	 in	the	Sericostoma	monoculture	(16.93	±	0.41	mg/
day)	 (Supporting	 Information	 Figure	S2a;	 Table	S4).	 In	 monocul-
tures,	Sericostoma	body	mass	increased	by	42%,	while	Lepidostoma 





Information	 Table	S5).	 Two	 models	 were	 plausible	 descriptions	 of	
species	interactions	(Δi	<	2;	Table	1):	the	functional-	type	model	and	
the	species-	specific	model.	The	functional-	type	model	had	a	better	




produced	 a	 12%	 increase	 in	 decomposition	 rates	 of	 the	 average	
rate	 of	 those	 species	 in	 monoculture	 (Figure	3a).	 The	 decompo-
sition	 rate	 of	 the	 two	 large	 species	 together	 (i.e.	 Sericostoma and 
Echinogammarus)	was	19%	higher	 than	 the	average	of	 their	mono-
cultures	 (Figure	3a).	 In	 contrast,	 the	 interaction	 between	 the	 two	
small	species	did	not	exceed	the	average	contribution	of	their	mono-




similar	 effects	 on	 decomposition.	 The	 species-	specific	 model	 and	
95%	 confidence	 intervals	 showed	 that	 results	were	 not	 driven	 by	
the	presence	of	a	single	species	in	a	polyculture,	because	the	effect	





and Leuctra	 when	 combined	 (Figure	3c);	 (ii)	 similar	 growth	 of	
Sericostoma and Echinogammarus	 when	 combined	 (Figure	3c);	 (iii)	
higher	 growth	 of	 small	 organisms,	 but	 similar	 growth	 of	 large	 or-
ganisms,	 when	 both	 small	 and	 large	 organisms	 were	 combined	
(Figure	3c);	and	(iv)	higher	overall	growth	of	Leuctra and Lepidostoma 
and	 similar	 overall	 growth	 of	 Sericostoma and Echinogammarus 
(Figure	3d).
The	 video	 observations	 evidenced	 differences	 in	 feeding	 be-
haviour	 between	monocultures	 and	 polycultures	 only	 for	 Leuctra,	
which	was	observed	feeding	on	FPOM	produced	by	other	species	
in	polycultures;	the	two	caddisflies	were	observed	shredding	 litter	
discs,	but	Lepidostoma	 ate	only	 the	margins,	while	Sericostoma	 ate	
















Model K Δi wi
(5)	Functional	type 18 0.00 0.51
Lc	+	Lp	+	Se	+	Eg	+	Small-	large	+	Lc-	
Lp	+	Se-	Eg
(4)	Species-	specific 19 0.39 0.42
Lc	+	Lp	+	Se	+	Eg	+	LcINT	+	LpINT	+	SeINT	+	E
gINT
(2)	Species	identity 15 4.78 0.05
Lc	+	Lp	+	Se	+	Eg
(3)	Pairwise	interaction 21 5.82 0.03
Lc	+	Lp	+	Se	+	Eg	+	Lc-	Lp	+	Lc-	Se	+	Lc-	
Eg	+	Lp-	Se	+	Lp-	Eg	+	Se-	Eg
(6)	Functional	redundancy 17 91.89 0.00
Small	+	Se	+	Eg	+	Small-	Se	+	Small-	Eg	+	Se-	
Eg
(1)	Null 12 225.28 0.00
Intercept	only
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2007;	 Constantini	 &	 Rossi,	 2010;	Dangles,	 Jonsson,	&	Malmqvist,	
2002;	Jonsson	&	Malmqvist,	2000),	negative	or	no	effects	(Bastian,	






cultures	 containing	 large	 and	 small	 detritivores	 than	was	 expected	
from	 their	 monocultures,	 indicating	 that	 interspecific	 interactions	
caused	 greater	 effects	 on	 decomposition	 than	 simple	 addition.	
Such	positive	effects	could	arise	from	mechanisms	such	as	resource	
partitioning	or	facilitation,	but	few	experimental	studies	have	distin-




growth	of	 smaller	 detritivores	 in	 the	presence	of	 larger	 species	 (in	
support	 of	 our	 second	 hypothesis).	 The	 enhanced	 growth	 and	 the	
video	observations	suggested	that	smaller	detritivores	could	benefit	
from	the	feeding	activity	of	larger	detritivores,	which	would	produce	
large	amounts	of	 smaller	 litter	 fragments	and	FPOM	that	 could	be	
used	by	the	small	species.	Leuctra	species	are	known	to	act	as	both	
litter-	shredding	detritivores	and	collectors	(López-	Rodríguez,	Tierno	
de	 Figueroa,	 Bo,	Mogni,	 &	 Fenoglio,	 2012)	 and	 are	 often	 found	 in	
FPOM	deposits	 in	 streams	 (Callisto	&	Graça,	 2013).	 The	 relatively	
























as	 is	 the	case	for	Sericostoma and Echinogammarus,	which	belong	to	
different	subphyla.	Gammarids	are	able	to	shred	leaf	litter,	but	can	also	
scrape	on	surfaces,	as	observed	in	our	videos	and	shown	elsewhere	





able	parts	of	 leaf	discs	 (minor	veins),	as	observed	 in	our	videos	and	
elsewhere	 (Tonin	 et	al.,	 2017).	 In	 contrast,	Echinogammarus	 seemed	
to	feed	only	on	the	more	palatable	parts	(which	would	better	satisfy	
their	 higher	 energy	 requirements),	 resulting	 in	 higher	 consumption	
overall,	but	similar	growth	rates	in	polycultures.	Also,	the	absence	of	






these	 two	 species,	 possibly	 through	 the	 mechanism	 described	
above:	The	 feeding	activity	of	Lepidostoma	 released	high	amounts	
of	FPOM	that	were	most	 likely	used	by	Leuctra;	 it	 is	 also	possible	
that	 Lepidostoma	 roughened	 the	 leaf	 surface,	making	 it	 easier	 for	
Leuctra	 to	eat	 it,	 as	 shown	 for	other	detritivores	 (Iwai,	Pearson,	&	
Alford,	2009).	Another	plausible	mechanism	behind	detritivore	di-
versity	 effects	 on	 decomposition	 is	 the	 reduced	 density	 of	 each	
species,	which	could	 lead	 to	 reduced	 intraspecific	 competition	 for	








would	 need	 to	 be	 tested	 experimentally.	 It	 is	 important	 that	 the	






(Dangles	 &	Malmqvist,	 2004).	 However,	 assemblages	 of	 different	
species	 composition	may	produce	different	 results	 due	 to	 the	 ex-
istence	 of	 different	 interspecific	 interactions	 (McKie	 et	al.,	 2008)	











experiments	 are	 often	 crucial	 to	 understand	 complex	 ecological	
relationships	 (Benton,	Solan,	Travis,	&	Sait,	2007;	Fraser	&	Keddy,	




ecosystems,	 it	 is	crucial	 to	take	 into	account	not	only	the	 identity	
and	 biomass	 of	 detritivore	 assemblages	 but	 also	 their	 body-	size	
structure.	However,	 our	 results	must	 be	 interpreted	with	 caution	
given	the	 limitations	of	microcosm	experiments—that	 is,	 the	short	
experimental	 duration,	 lack	 of	 multigenerational	 responses	 and	
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